Hypertrophic cardiomyopathy (HCM) is a common disease in pet cats, affecting 10-15% of the pet cat population. The similarity to human HCM, the rapid progression of disease, and the defined and readily determined endpoints of feline HCM make it an excellent natural model that is genotypically and phenotypically similar to human HCM. The Maine Coon and Ragdoll cats are particularly valuable models of HCM because of myosin binding protein-C mutations and even higher disease incidence compared to the overall feline population. The cat overcomes many of the limitations of rodent HCM models, and can provide enhanced translation of information from in vitro and induced small animal models to human clinical trials. Physicians and veterinarians working together in a collaborative and interdisciplinary approach can accelerate the discovery of more effective treatments for this and other cardiovascular diseases affecting human and veterinary patients.
Introduction
Companion animals and humans frequently suffer from similar diseases, such as heart disease, cancer, kidney disease, arthritis, diabetes, and obesity. Prevalence rates can be remarkably similar across species. Obesity, for example, affects similar numbers of humans, dogs, and cats. However, because of selective breeding to achieve certain physical or behavioral traits, pet dogs and cats can have even higher risk for some diseases. For example, > 50% of Doberman Pinscher dogs develop dilated cardiomyopathy (DCM) [1] and nearly 100% of Cavalier King Charles Spaniels develop degenerative mitral valve disease (DMVD) [2] . These naturally occurring diseases in pets are much more representative of the human disease than induced rodent models, so studying the disease in companion animals provides an innovative and effective approach for accelerating translational research that can ultimately benefit both humans and animals. Diagnosis and treatment of companion animal diseases can be nearly identical to that of humans, with similar diagnostic tests (e.g., advanced imaging, laboratory testing, and genetic testing) and treatments (e.g., medications, interventional cardiology techniques, and specialized surgical techniques). These studies of naturally occurring diseases can be conducted in genetically defined colonies or through clinical trials in pet dogs and cats. Both approaches can provide an important stepping stone between basic science research and human clinical trials that can reduce the all-too-common translational failures.
Heart Disease Affects More Than Humans
Heart disease is one of the most common diseases of pet dogs and cats, affecting 10-15% of all dogs and cats [3, 4] . The most common diseases in dogs are DMVD and cardiomyopathies (primarily DCM or arrhythmogenic right ventricular cardiomyopathy), but they also can be affected by a variety of congenital heart defects and pericardial diseases. Prevalence ratesA Natural Large Animal Model of HCM Cardiol Res. 2017;8(4):139-142 the fact that these species have high high-density lipoprotein concentrations.
HCM: Challenges and Solutions
In humans, there are now known to be > 1,500 causative mutations associated with HCM, with the vast majority being identified in one of 11 sarcomeric genes. Nonetheless, up to 30% of human patients with HCM have no identified mutation and there is wide phenotypic variation, even among patients with the same genetic mutation. Rodent models of HCM (e.g., transgenic or naturally occurring mutations) are useful in the study of basic mechanisms, but have many limitations for translational breakthroughs. While rodent models may have the same genetic mutation as in human HCM, the phenotype is typically not the same as in human HCM. For example, most mouse models expressing myosin binding protein-C (MYB-PC) mutations do not develop myocardial hypertrophy, the defining trait in humans (and cats) with HCM, or share features of symptoms, clinical course, or response to treatment. These partial models therefore may have limited predictive value in translating information to humans due to species differences (e.g., anatomy, metabolic rate, lifespan, and response to treatment). These limitations can result in translational failures when drugs showing promise in rodent models are tested in human clinical trials. This underscores the importance of having relevant preclinical models that can fill the gap between induced rodent models and human clinical medicine. HCM occurs spontaneously and frequently in pet cats, and the feline disease is remarkably similar to the human disease [5, 6] . There is a male predisposition for HCM in both species and clinical signs are similar, although more common and more severe in cats than in humans. The most common presentations in cats are sudden death or syncope, congestive heart failure (CHF), and arterial thromboembolism (ATE). Many cats with HCM are identified incidentally when a cardiac murmur is auscultated. Once diagnosed with HCM, most cats eventually die from CHF, sudden death, or ATE, while a smaller proportion remains subclinical. The same diagnostic tests used in humans (e.g., N-terminal B-type natriuretic peptide, radiography, electrocardiography, and echocardiography) are used to diagnose cats with HCM ( Fig. 1) , and similar medications are used to manage the disease. Finally, feline HCM is very similar to human HCM grossly (Fig. 2) and on histopathology [6] . One difference is that feline HCM is a more severe and quickly progressive disease than in humans, an advantage when studying outcomes. Clinical studies have shown a median survival time in cats with HCM ranging from 92 to 2,153 days, depending on the predominant clinical signs of the population studied (i.e., asymptomatic vs. CHF vs. ATE) [7] [8] [9] . Reported median survival times for cats with HCM and CHF, for example, range from only 92 to 563 days [7] [8] [9] .
Treatment of Feline HCM
Treatment of feline HCM can be divided into the preclinical and clinical (CHF or ATE) time periods. As in humans, despite advances in the understanding of HCM, no preclinical therapy has demonstrated the ability to slow disease progression or reduce ventricular hypertrophy in cats. The most commonly employed therapies include cardioprotective strategies such as beta-blockade (especially when left ventricular outflow 
tract obstruction is observed), ACE-inhibition, and antiplatelet drugs. Some promise with novel, targeted therapies is on the horizon as sarcomeric modulating drugs are being investigated. The feline HCM model has already served as a bridge between research in rodents and human clinical trials with one such novel drug trial in cats with HCM [10] . Beta receptor and ACE gene polymorphisms are described in cats and their role in the response to therapy and progression of HCM, and provide another opportunity for interdisciplinary research.
In cats with HCM and CHF, the above-mentioned treatments are expanded to include diuretics, such as furosemide, and sometimes pimobendan, a drug with positive inotropic and vasodilatory effects. ATE is common in cats with HCM, but therapy and prognosis for feline patients with ATE are limited and represent another area of future research.
Genetics of Feline HCM
Two separate MYBPC mutations, which represent the second most common human gene affected, have been identified in two cat breeds, the Maine Coon cat and the Ragdoll [11] . In Maine Coon cats, for example, an MYBPC mutation (A31P) has been detected in approximately 22-42% of Maine Coon cats, while a separate MYBPC mutation (R820W) has been identified in 27% of Ragdoll cats [11] . The R820W mutation was later identified in a human family with HCM and thus represents a shared genetic etiology between cats and humans [12] . But Maine Coon cats without the A31P mutation also can develop HCM, underscoring the presence of unidentified mutations. In these cats and in the majority of cats with HCM, no genetic etiology has been identified.
Mutations in humans may be pathogenic or non-pathogenic. And similar to humans, the mutations identified in cats appear to have incomplete penetrance. In Maine Coon cats with a MYBPC mutation, penetrance is reported to be 6-8% in A31P heterozygotes and 58-80% in homozygotes [11] . However, in both humans and cats, some patients with mutations have minimal cardiac changes, while some with the same mutation and even in the same family have severe hypertrophy with advanced clinical signs or sudden death. This variable genotypephenotype relationship suggests that there are other genetic or environmental modifiers of phenotype.
Nutrient-gene interactions (nutrigenomics) may provide a key to understanding of the phenotypic variability of HCM and an opportunity for improved therapeutic targets and nutritional strategies to reduce morbidity and mortality. Pet cats with HCM are larger in size, more likely to be overweight, have higher concentrations of glucose and IGF-1, and grow more quickly in early life compared to healthy controls [13] . This suggests that early growth and nutrition may influence the development and course of HCM in genetically predisposed cats. Studying the role of nutrigenomics in humans with HCM is warranted.
Opportunities for Collaboration
Instead of approaching HCM from the traditional silos of individual disciplines, a collaborative and interdisciplinary approach can accelerate translation of research into effective medical innovations for humans with this disease. Studying HCM in cats with naturally occurring disease can enhance translational efficiency and effectiveness between basic science research and human clinical trials. At the same time, discoveries in humans can spur advances in the treatment of cats with this disease.
Cats with HCM could serve as a good model for human HCM to study novel drugs, disease progression, or development of CHF, but would be less than ideal for studying sudden death, since this is not a common occurrence in cats with HCM. Veterinary cardiologists can help to determine the optimal study design based on the research question and outcomes of interest. Some specific opportunities to collaborate or learn more are listed below. 1) Feline HCM can be studied as a model for human HCM either as genetically defined cats in a colony or through clinical trials in pet cats (which typically are not screened for mutations unless they are of certain specific breeds, such as the Maine Coon cat or Ragdoll). 2) Find out about current clinical trials in companion animals. Animal clinical trials can be shorter and less expensive since dogs and cats with heart disease often reach endpoints (e.g., heart failure) earlier than humans. There are numerous, ongoing clinical trials in a variety of naturally occurring diseases in companion animals, including HCM. Clinical trials in companion animals must undergo approval (by an Institutional Animal Care and Use Committee or similar body) and pet owners must sign an informed consent form before volunteering to enroll their pets, along with a variety of other safeguards for both the pet owner and the pet. A list of some of the current clinical trials across the United States can be found on the American Veterinary Medical Association's Clinical Trials Registry (https:// ebusiness.avma.org/aahsd/study_search.aspx) and on indi- 
Grant Support
Supported by a grant from the Clinical and Translational Science Award One Health Alliance and by the National Center for Advancing Translational Sciences, National Institutes of Health, Award Number UL1TR001064. The content is solely the responsibility of the authors and does not necessarily represent the official views of the NIH.
